Novel organismal structures in metazoans are often undergirded by complex gene regulatory networks; as such, understanding the emergence of new structures through evolution requires reconstructing the series of evolutionary steps leading to these underlying networks. Here, we reconstruct the step-by-step assembly of the vertebrate splicing network regulated by Nova, a splicing factor that modulates alternative splicing in the vertebrate central nervous system by binding to clusters of YCAY motifs on pre-RNA transcripts. Transfection of human HEK293T cells with Nova orthologs indicated vertebrate-like splicing regulatory activity in bilaterian invertebrates, thus Nova acquired the ability to bind YCAY clusters and perform vertebrate-like splicing modulation at least before the last common ancestor of bilaterians. In situ hybridization studies in several species showed that Nova expression became restricted to CNS later on, during chordate evolution. Finally, comparative genomics studies revealed a diverse history for Nova-regulated exons, with target exons arising through both de novo exon creation and acquisition of YCAY motifs by preexisting exons throughout chordate and vertebrate history. In addition, we find that tissue-specific Nova expression patterns emerged independently in other lineages, suggesting independent assembly of tissue-specific regulatory networks.
Novel organismal structures in metazoans are often undergirded by complex gene regulatory networks; as such, understanding the emergence of new structures through evolution requires reconstructing the series of evolutionary steps leading to these underlying networks. Here, we reconstruct the step-by-step assembly of the vertebrate splicing network regulated by Nova, a splicing factor that modulates alternative splicing in the vertebrate central nervous system by binding to clusters of YCAY motifs on pre-RNA transcripts. Transfection of human HEK293T cells with Nova orthologs indicated vertebrate-like splicing regulatory activity in bilaterian invertebrates, thus Nova acquired the ability to bind YCAY clusters and perform vertebrate-like splicing modulation at least before the last common ancestor of bilaterians. In situ hybridization studies in several species showed that Nova expression became restricted to CNS later on, during chordate evolution. Finally, comparative genomics studies revealed a diverse history for Nova-regulated exons, with target exons arising through both de novo exon creation and acquisition of YCAY motifs by preexisting exons throughout chordate and vertebrate history. In addition, we find that tissue-specific Nova expression patterns emerged independently in other lineages, suggesting independent assembly of tissue-specific regulatory networks.
evo-devo | pasilla | amphioxus M etazoans exhibit tremendous diversity in body plan patterning but widespread conservation of regulatory genes. This is consistent with new organismal structures arising largely by modification and reuse of preexisting molecular products. Novel metazoan body plan structures are often accomplished by gene regulatory networks, thus understanding the emergence of novel structures requires reconstructing the step-by-step assembly of the underlying networks.
The vertebrate brain is a particularly striking example. In addition to expressing a large fraction of tissue-specific genes, CNS genes show the highest level of alternative splicing (AS) (1) . This transcript complexity is regulated by several CNS-specific AS factors, which regulate networks of CNS genes (2) (3) (4) (5) . We used a multidisciplinary approach to reconstruct the step-by-step origin of one of these networks, the Nova-regulated splicing network (6, 7) . The two Nova genes in mammals are expressed exclusively in the CNS (8) (9) (10) , enabling tissue-specific regulation of ≈700 AS events (11) . Nova regulates specific exons by binding to clusters of tetranucleotide [CU]CA[CU] (YCAY) motifs in exons or near splice sites in pre-mRNAs; depending on the position of Nova-binding sites relative to splice sites, Nova can either enhance or inhibit the inclusion of a particular exon in transcripts (12, 13) . Computational and HITS-CLIP studies have allowed genome-wide identification of functional Nova-binding motifs and a predictive RNA map of AS regulation based on the specific location of YCAY clusters (Fig. 1A) (12, 13) . These studies have shown that genes with functional YCAY clusters are coregulated in the presence of Nova in neurons; notably, most of these genes are involved in axon guidance and synaptic function (4) . This regulatory system is very well conserved across vertebrates: Nova expression is also restricted to brain in chicken and zebrafish, and conserved YCAY clusters in orthologous positions accurately predict tissue-specific regulation of exon inclusion levels between brain and liver (14) . In total, nearly half of Nova-regulated alternatively spliced exons and most of their associated YCAY clusters are conserved from mouse to fish (14) .
As with any regulatory network, the Nova vertebrate network minimally requires (i) ability of regulatory molecules to affect expression of target genes (in this case, Nova affecting target splicing by binding YCAY clusters); (ii) specific temporal and spatial expression of regulatory molecules (CNS-restricted Nova expression); (iii) presence of regulatory targets (the genes and exons regulated by Nova); and (iv) sensitivity of targets to regulatory molecules (YCAY clusters associated with target exons). Because all four elements are minimally required for a network to function, their evolutionary order of emergence-that is, the series of steps leading to assembly of the network-is obscure. For instance, CNS expression of Nova could have predated or postdated its binding function or its regulation of specific exons, regulated exons could be ancient and have been recruited for the network, or could be recently created, and so forth. To reconstruct the assembly of the vertebrate Nova network, we studied Nova protein expression and function, as well as the presence/absence of Nova target exons, across a variety of invertebrates.
Results
Vertebrate-like Nova Regulatory Activity Evolved Before the Last Common Ancestor of Chordates. We first asked whether invertebrate Nova proteins are capable of regulating AS in a similar manner to their vertebrate counterparts. We identified putative orthologs of Nova in the genome sequences of 23 metazoans and confirmed their orthology by phylogenetic analysis (Fig. S1 and Dataset S1). To study Nova protein function, we transfected human embryonic kidney cells (HEK293T), which do not naturally express Nova, with constructs expressing the Nova orthologs from either the cnidarian Nematostella vectensis (NvNova), isoform F of Drosophila melanogaster [DmNova, previously described as pasilla (ps) (15) ; isoforms are following FlyBase terminology: Flybase.org], the basal chordate amphioxus (Branchiostoma floridae; BfNova), or the mouse Nova1 (MmNova1, as a positive control).
Transfected Nova proteins were detected using antibodies against an N-terminal tag. As expected for a functional splicing factor, Nova proteins were found in the nucleus (Fig. 1B) . In addition, we tested isoforms C and D from DmNova, which contain a different N terminus. These isoforms were found predominantly in the cytosol of transfected cells (Fig. S2 ). This is likely in part due to nuclear exportation, because treatment with leptomycin B significantly increased nuclear location for both isoforms (P = 0.004 and P = 0.02, respectively; Fig. S2 ).
To assess the ability of invertebrate Novas to interpret vertebratelike splicing signals, we studied splicing of four genes whose splicing is regulated by Nova ("target genes"), used as internal (or endogenous) reporters. We used two criteria to select the four target genes. First, all four are endogenously expressed in nontransformed HEK293T cells and show a Nova-negative AS pattern due to the lack of Nova expression in these cells. Second, together, the four targets represent the major types of Nova cisregulatory elements: splicing enhancers (Nova promotes exon inclusion: NISE1, Brd9; NISE2, Aplp2) and silencers (Nova inhibits exon inclusion: NESS1, Neo1; NESS2, Map4k4) (Fig. 1A) .
For each Nova target exon, we used semiquantitative RT-PCR to compare levels of exon inclusion in transcripts from transfected and control cells. The effects on splicing patterns varied considerably among species. Both mouse and amphioxus Novas produced significant changes in splicing for all four exons ( Fig. 1C ; P < 0.01 for each exon). For all four exons, the changes in inclusion levels were similar for the two species and in the direction predicted by the position of their YCAY cluster (Fig. 1A) (14) , suggesting conserved Nova binding function across chordates/ deuterostomes (16) . The results observed for D. melanogaster and the cnidarian N. vectensis were less clear. Although changes in exon inclusion levels were observed in the expected direction, the effects were smaller and often not statistically significant, especially in the case of NvNova (Fig. 1C) . Given the evolutionary divergence, these results could reflect differences in target binding or differences in Nova recruitment and protein interaction between the invertebrate and mammalian spliceosomes. Consistent with the latter, a recent study (17) has shown that the DmNova regulatory map is conserved to that of mammals, suggesting that the biochemical properties of Nova protein are conserved at least across bilaterians.
Restriction of Nova Expression to CNS Is Specific to Vertebrates and
Tunicates. We next studied Nova gene expression. We compared in situ hybridization (ISH) of Nova genes during development in eight species, spanning all major Eumetazoan groups (Deuterostomes, Ecdysozoans, Lophotrochozoans, and nonbilaterians). We found great variation in expression patterns. Within chordates, similarity of expression to mammalian patterns reflected degree of relatedness. As expected, expression patterns were well conserved within vertebrates: both members of the zebrafish Nova family (two "Nova2" genes; Fig. S1 ) were expressed only in CNS (at stages 36 and 48 hpf; Fig. 2 A-D). CNS-specific expression extended to the closest living relatives of vertebrates, tunicates, represented by Ciona intestinalis: CiNova expression was found only in the developing CNS, from neurulation to larval stages ( Fig. 2 E-H) . However, the basal chordate amphioxus showed a substantially different expression pattern, albeit with some similarities to vertebrates. In contrast to vertebrates, expression was most pronounced in mesoderm at early stages: BfNova was first detected in the presumptive endomesoderm of gastrulae and later in presomitic mesoderm of early neurulae ( (18, 19) and consistent with vertebrate expression patterns (8) . Larval expression is also much broader than in vertebrates: we detected Nova in derivatives of all germ layers, including the cerebral vesicle but also others such as mouth-pharynx-associated structures and hindgut ( Fig. 2 N and O) . Finally, real-time quantitative PCR analysis of adult amphioxus tissues (see below) underscored the clear but partial similarity between amphioxus and vertebrate expression: Nova expression was highest in the neural tube but was also observed in muscle and gill tissues (Fig. S3) .
Perhaps surprisingly, beyond chordates, expression patterns were very different from vertebrates. Even the hemichordate Saccoglossus kowalevskii, representing the closest living relatives of chordates (Ambulacraria), showed very different expression. In all cases, mouse Nova1 and amphioxus Nova produced highly significant changes in exon inclusion levels in the predicted direction, compared with the control. Positive/negative values in the y-axes denote increase/decrease in exon inclusion. */**Statistical significance at the P < 0.05/0.01 level as assessed by ANOVA.
The single Nova gene showed sharply restricted expression to postpharyngeal endoderm throughout development (Fig. 2 P-S) ; this is consistent with the expression for two other Ambulacraria species, the sea urchins Strongylocentrotus purpuratus and Paracentrotus lividus (Fig. 2 T-W and ref. 20, respectively) . Expression in even more distantly related animals was also very different from vertebrates. As previously described, the fly ortholog pasilla is expressed in salivary glands (ectodermal derivative), gut (endoderm) and, posteriorly, the fat bodies (mesodermal) (Fig. 2 X and Y) (15); however, no expression was detected in CNS at any developmental stage (15) . In the Lophotrochozoan planarian Schmidtea polychroa, SpolNova1 is first detected in scattered cells at St5 and, later, in cerebral ganglia and mesenchyme at St7 (Fig. 2 Z and AA) . Finally, expression of NvNova in the nonbilaterian N. vectensis was detected in scattered cells around the pharynx from 4 d after fertilization (most likely endodermal cells from the pharynx, although neuronal expression cannot be ruled out) and in single ectodermal cells, possibly neurons, of the tentacles after 6 d after fertilization (Fig. 2 AB-AE) .
These results suggest that CNS-specific expression of Nova arose relatively recently within chordates (Fig. S4) , most likely within the common ancestor of urochordates and vertebrates and after the divergence from cephalochordates. From a broader perspective, the diversity of expression patterns across metazoans indicates great flexibility of Nova expression and organismic function and strongly suggests that Nova has independently acquired distinct tissue-specific expression in different metazoan lineages.
Nova-Regulated AS Network Was Primarily Assembled Within
Vertebrates. Finally, we studied evolutionary conservation of known mouse Nova-regulated exons that are conserved from mammals to fish [34 exons in 28 genes (14); Materials and Methods]. For each invertebrate chordate, we studied each exon at four levels of conservation (21) (Fig. 3A) : (i) presence of an orthologous gene in the genome (G), (ii) presence of an orthologous exon in the orthologous gene (E), (iii) AS of the exon (A), and (iv) putative regulatory conservation (i.e., presence of YCAY clusters in similar/equivalent positions) (R).
We found that all studied genes had putative orthologs in amphioxus (G-level), thus vertebrate/tunicate CNS Nova-regulated targets arose within preexisting genes. By contrast, most of the specific Nova-regulated exons (66.7%, E-level) were not found in amphioxus (either in silico or by RT-PCR; Materials and Methods). Lack of conservation is particularly striking for single exons (that is, "simple" exons: those that are not part of mutually exclusive exon sets or more complex AS patterns) for which inclusion is increased by Nova. Among these exons, 17 of 19 (89.5%) are absent in amphioxus [vs. 5 of 10 (50%) of Nova-silenced exons; P = 0.030 by a Fisher exact test] (Fig. 3B, Inset) . Similarly, simple minor and major exons [defined as being supported by less and more than 50% of ESTs, respectively (14) ] show significant differences, with half (7 of 14) of major exons being conserved compared with no (0 of 15) minor ones (P = 0.002 by Fisher's exact test). This minor-major difference echoes general patterns of evolutionary conservation of alternatively spliced exons in metazoans (22, 23). We next studied splicing and regulation of conserved exons. Of the 11 conserved exons, 7 are alternatively spliced in amphioxus (A-level), of which only two genes showed YCAY clusters (R-level) in positions corresponding to mouse YCAY clusters (TPM and JNK) and another (ITGA) showed a putatively functionally equivalent cluster. To further analyze these three amphioxus AS events, we generated minigenes for each case and tested Nova regulation of their splicing by cotransfection with mouse Nova1 in HEK293T cells (Materials and Methods). In each case, presence of Nova1 resulted in significantly altered exon inclusion levels in the direction predicted by the positions of putative Nova binding motifs (relative to the negative control, the empty pcDNA3 vector; Fig. 4 ). For JNK and ITGA, the direction of the effect of Nova was conserved between mouse and amphioxus orthologs, consistent with conservation of regulatory pattern and structure.
The case of the TPM gene is more complex, however. For the mutually exclusive exons 6A/6B, amphioxus has a single YCAY signal (NISE2) near exon 6A, which is conserved with mouse.
Consistent with the prediction, inclusion of amphioxus exon 6A is enhanced by Nova (Fig. 4C) . The mouse case is more complicated: in addition to NISE, the mouse TPM3 gene contains a second YCAY signal (NISS2), with an opposite predicted effect (inclusion of exon 6B). Although the predicted net result of these two opposed signals is not immediately obvious, consistent with previous results (4), we found that the net effect of Nova is an increase in exon 6B inclusion (i.e., NISS2 seems to dominate), opposite the finding in amphioxus.
Next, to assess the tissue-specific role of Nova in the regulation of the conserved exons in amphioxus in vivo, we dissected gut, neural tube, gills, and muscle tissues from an adult individual (Fig. S3) . Quantification of Nova expression by quantitative PCR showed that expression varied across tissues, with the highest expression in neural tube and moderate and weak expression observed in muscle and gills, respectively. No expression was detected in the gut. These results were consistent when either of two different control housekeeping genes were used for normalization (GAPDH and cytosolic actin) and across three independent replicates (Table S1 ). We then compared isoform levels of the three conserved amphioxus AS events (TPM, ITGA, and JNK) across tissues. Consistent with in vivo regulation, Nova-enhanced isoforms for each gene were higher in neural tube than in gut alternative (splicing in gills and muscle were generally intermediate) (Fig. S3) .
We also studied conservation of Nova-regulated exons in C. intestinalis. We found a similar picture to amphioxus (Fig. 3C and Fig. S5 ): most vertebrate Nova-regulated exons were not found in C. intestinalis, and only one conserved exon had a putatively conserved YCAY cluster, suggesting significant exon creation and YCAY recruitment after the vertebrate-urochordate divergence (Fig. 3C) . Among exons whose inclusion is increased by Nova, 15 of 17 of the exons absent in amphioxus were also absent in C. intestinalis (Dataset S2), suggesting little exon creation within vertebrate-urochordate ancestors. Overall, levels of conservation of both exons and YCAY clusters drops dramatically in invertebrates (Fig. 3C ).
Discussion
The case of Nova yields insights into the ordered sequence of evolutionary events leading to the construction of regulatory networks. In this case, the regulator first acquired the regulatory function: Nova evolved the ability to bind YCAY clusters and perform vertebrate-like splicing modulation at least by the last common ancestor of chordates, and, likely, of bilaterians (17) . Second, the regulator acquired the requisite expression patterns: Nova expression became restricted to CNS in chordates, likely in vertebratetunicate ancestors. Finally, the regulatory targets arose: in the case of Nova, a combination of de novo emergence of new Nova-targeted exons and acquisition of Nova regulation by preexisting exons led to the modern wealth of Nova targets.
Evolution of Nova Targets. Our results attest to a variety of different evolutionary histories of Nova-regulated vertebrate exons. First, some exons are ancestral (shared with amphioxus) and thus predate the assembly of the CNS-specific Nova regulatory network. Most ancestral exons lack Nova binding motifs and/or evidence for AS in amphioxus, suggesting that they were ancestrally constitutive exons that were coopted for Nova regulation well after their origin. Other exons seem to have arisen within urochordate-vertebrate or vertebrate ancestors or during vertebrate evolution and thus postdate the evolution of CNS-specific Nova expression. As with the ancestral exons, some of these lack evidence for Nova binding motifs and/or AS in urochordates and/ or vertebrates distantly related to mammals, again suggesting that the exon first arose and only later was coopted by the Nova network (14) . Finally, some seem to be Nova-created exons: exon presence is closely associated with Nova binding motifs. As previously suggested (14) , creation of these exons could be directly (G, white) ; presence of a putatively orthologous exon in the genome (E, light gray); whether the exon is also alternatively spliced (A, dark gray); and whether specific regulation of AS is conserved, in this case assessed by the presence of equivalent YCAY clusters (R, black). (B) Percentage of exons with each of four levels of conservation in amphioxus. All Nova-regulated genes are conserved in amphioxus, but less than 40% of specific Nova-regulated exons are, and only 2 of 29 events (6.9%) show mouse-like Nova regulation. (C) Evolutionary conservation of Nova-regulated exons (E level, gray) and presence of equivalent YCAY clusters (R level, black) between mouse and the inferred vertebrate ancestor and the two invertebrate chordates. Vertebrate data from ref. 14. For amphioxus and Ciona, tetrapod-or mammalian-specific exons are assumed to be not conserved.
attributable to new Nova-binding motifs: the emergence of YCAY enhancer motifs could have led to the use of nearby cryptic splice sites, leading to creation of a new exon.
Evolution of Nova Expression. In addition, our gene expression results indicate a complex history for the biological role of Nova through metazoan history. First, we find that CNS-restricted expression is a relatively recent occurrence within the chordate lineage, with more complex or more promiscuous expression patterns in various invertebrates. This raises the question of the function of Nova in these species as well as in early metazoans. The reconstruction of Nova-regulated networks in other phyla may provide insights into this question. Equally intriguing, we find that Nova has independently acquired tissue-specific expression patterns in very different tissues in different metazoans lineages. The expression pattern is especially striking in Ambulacraria, in which Nova is largely restricted to the gut. This raises the exciting possibility of lineage-specific assembly of tissue-specific Novaregulated AS networks in other lineages. Nova may have served as a powerful and multipurpose tool for the construction of complex regulatory networks, having been put to use for very different functions in different lineages. Regulators with such flexible potential functions could be centrally important in the emergence of complex but different structures in related lineages.
Materials and Methods
In Silico Identification of Nova Orthologs and Phylogenetic Analysis. Using mouse Nova genes as queries, we performed tBLASTN searches against 17 genomes (SI Materials and Methods). We then downloaded each corresponding genomic region and built gene models using existing automatic gene model predictions, ESTs, ClustalW alignments of individual exons, and/ or GeneWise2 software if necessary. For phylogenetic analysis, described sequences for ingroups and outgroups were downloaded from GenBank. Full-length amino acid sequences were aligned using ClustalW (24) . Phylogenetic trees were then generated by the Bayesian method with MrBayes 3.1.2 (25, 26) , with the Dayhoff+Gamma model, as recommended by ProtTest 1.4 (27-29) as previously described (30) (further details in SI Materials and Methods).
Nova Constructs, Internal Reporters, and Minigenes. Full-length Nova cDNA sequences from mouse (Nova1), B. floridae, D. melanogaster (ps, isoforms C, D, and F), and N. vectensis were obtained by high-fidelity PCR. Each Nova cDNA sequence was cloned into a pcDNA.3.1 expression vector that contained an inframe HA epitope at the 5′end to facilitate protein immunodetection. For Drosophila isoforms, subcellular location was also investigated after 2, 4, and 6 h of inhibition of nuclear exportation with 40 nM of leptomycin B (Fig. S2) .
Candidate endogenous reporters for AS, namely APLP2, BRD9, MAP4K4, and NEO1, were selected from previously described Nova-regulated events (14) so as to include all major types of Nova cis regulators. Primers in the upstream and downstream constitutive exons were designed for each event to test the inclusion level of each alternatively spliced exon.
Minigenes for the AS events from mouse TPM3 and amphioxus ITGA and JNK were generated using primers to amplify the upstream and downstream constitutive exons from genomic DNA and cloned into the expression vector pcDNA.3.1. For BfTPM, only the region containing exons 6A and 6B was cloned, using several primer sets for sequential cloning. To check the AS pattern of each minigene, specific primers in the upstream and downstream exons were designed. For BfJNK exons A and B were quantified separately using different specific primer sets.
Cell Culture, Transfection, RNA Isolation, and RT-PCR. HEK293T cells were transiently cotransfected with either pcDNA.3.1-HA empty vector (negative control) or one of the pcDNA.3.1-HA-Nova constructs. Forty-eight hours after transfection, cells were immunodetected according to standard protocols with anti-HA and AlexaFluor 488-conjugated anti-mouse IgG antibodies. Nuclei were counterstained with DAPI. To test the minigenes, each construct was cotransfected with either pcDNA.3.1-HA empty vector or pcDNA.3.1-HAMmNova1. Total RNA was isolated from cells 40 h after transfection, and cDNA was prepared. AS patterns were quantified by measuring RT-PCR products performed under specific conditions to avoid PCR bias toward small fragments (31) (details in SI Materials and Methods). At least three biological replicates were analyzed for each set of experiments.
Cloning of Different Nova Orthologs and in Situ Hybridization. Primers were designed to span nearly the full length of the Nova transcript for zebrafish (Nova2a and Nova2b), Branchiostoma lanceolatum, C. intestinalis, S. kowalevskii, S. polychroa, and N. vectensis. For key species, 3′ UTR (B. lanceolatum and S. kowalevskii) and/or KH-free probes (B. lanceolatum and S. polychroa) were also used (Fig. S6) . Standard ISH protocols (32) (33) (34) (35) (36) (37) were used for each species at higher hybridization temperatures (5-10°C higher) to avoid po- tential cross-hybridization (details in SI Materials and Methods). Pictures of D. melanogaster and S. purpuratus ISHs were obtained with permission from the Berkeley Drosophila Genome Project (BDGP) gene expression project (http://insitu.fruitfly.org) (38) and the WISH database (http://goblet.molgen. mpg.de/eugene/cgi/eugene.pl) (39), respectively.
Analysis of the Vertebrate Nova-Regulated Network in B. floridae and C. intestinalis. Presence of Nova-regulated exons conserved from mammals to fish (14) (Dataset S2) were individually assessed in silico and by RT-PCR in amphioxus and C. intestinalis (details in SI Materials and Methods). All sequences were uploaded to GenBank (accession nos. JF314355-JF314403). All primer sequences are available upon request. TACC2 could not be studied in amphioxus and Ciona; TPM data were obtained from ref. 40 .
For studied exons that were present in any invertebrate genome, we assessed AS by RT-PCR using cDNAs from mixed stages. For exons that showed AS, we searched in the genome for Nova-binding motifs (YCAY clusters) corresponding to binding motifs described in mouse: either in orthologous positions or in other positions with generally equivalent effects (14) . We used a permissive definition for YCAY clusters, based on ref. 14: at least three YCAY motifs within 50 bp, with a maximum inter-YCAY distance of 24 bp. Predicted amphioxus motifs were then validated using minigenes.
RT-PCRs of conserved Nova exons in amphioxus (Fig. S3) were performed on tissues from an adult amphioxus individual. Gut, neural tube, gills, and muscle were carefully dissected and RNA extracted and cDNA prepared using standard protocols. For real-time PCR quantification of Nova expression, GAPDH and cytosolic actin were used as controls for normalization, both yielding similar results.
